Introduction
The development and survival of an organism depends on many external and internal factors. Among them are: environmental conditions, the availability of food, the ability to prevent invasion of other potentially pathogenic organisms, and wellfunctioning reproductive system, which is possible only with perfect interaction with the immune system. There is an evidence that impaired reproductive functioning may accompany bacterial and viral infections or autoimmune diseases. The ongoing inflammation in the body affects the activity of the hypothalamic-pituitary-gonadal (HPG) axis, causing disturbances in female reproductive health ranging from disruption of cyclicity (Peter et al., 1989; Battaglia et al., 2000) to loss of pregnancy (Schlafer et al., 1994) .
Most experimental systems studying the impact of an immune challenge on reproductive functions commonly use bacterial endotoxin: lipopolysaccharide (LPS), as a model of immune stress without necessity of infecting the animal with active pathogen. LPS is a major component of Gram-negative bacteria cell walls and is released from the surface of replicating and dying Gram-negative bacteria into the circulation (Rietschel et al., 1994) . It is known that LPS is responsible for many clinical symptoms of sepsis. It stimulates monocytes and macrophages to produce large amounts of proinflammatory mediators like tumor necrosis factor alpha (TNFα), interleukin (IL)-1β and IL-6 (Givalois et al., 1994) . Bacterial endotoxin action occurs via toll-like receptor (TLR) type 2 and 4. TLRs are part of a group of innate immunity receptors, known as 'pattern-recognition receptors' (PRR) that recognize structural motifs characteristic of bacteria, viruses and fungi, called pathogen-associated molecular patterns (PAMPs) (Kumar et al., 2009) . A transmembrane TLR4 is one of the recognized receptors from the TLRs family, and it is considered to be pivotal LPS-interacting receptor. An exogenous ligand of TLR4 is not only LPS, but is also a protein of a respiratory syncytial virus (RSV) (Majewska and Szczepanik, 2006) . Apart from this, TLR4 recognizes some endogenous ligands such as heat shock proteins (HSP)60 and (HSP)70, fibrinogen, fibronectin, surfactant protein-A (SP-A), resistin and endoplazmin (Yu et al., 2010) . TLR4 is present on the immune cells, such as monocytes, macrophages, neutrophils, mast cells and lymphocytes B (Majewska and Szczepanik, 2006) . The presence of TLR4 was also found on non-immune cells like epithelial cells of the gut and respiratory tract, adipocytes, endothelial cells, decidual cells at the blastocyst implantation site of mice and hamsters (Janeway et al., 2001) , microglial cells and even neurons (Chakravarty and Herkenham, 2005) . Endotoxin stimulation of cells occurs through signalling cascades with several proteins including cluster of differentiation (CD)14 protein, lymphocyte antigen 96 MD-2 protein, and soluble acute-phase protein -LPS-binding protein (LBP). In the blood stream, circulating LBP binds LPS and, LPS-LBP complex binds to the CD14 protein, which is necessary for the activation of TLR4. However, to function as an LPS receptor, TLR4 requires a helper molecule MD-2 that is associated with TLR4 on the cell surface and enables TLR4 to respond to LPS (Dziarski et al., 2001; Fitzgerald et al., 2004) . It is worth mentioning that events following the formation of this receptor complex depend on different sets of adapters. An early response, which is dependent on myeloid differentiation primary response gene 88 (MyD88) and MyD88-like adapter (Mal), leads to the activation of nuclear factor-κB (NF-κB). A later response to LPS makes use of Toll/IL-1 receptor (TIR) domain-containing adapter protein inducing interferon β (TRIF) and TRIF-related adapter molecule (TRAM), and leads to the late activation of NF-κB and interferon regulatory factor 3 (IRF3), and to the induction of cytokines, chemokines and other transcription factors (Pålsson-McDermott and O'Neill, 2004 ). However, not only TLR4 but also TLR2 is involved in the mediation of LPS-induced cellular signalling. TLR2 is activated by LPS in a response that depends on LBP and is enhanced by CD14 (Yang et al., 1998) . A unique feature of TLR2 is its ability to interact with other TLRs (TLR1 and TLR6) to form heterodimers which discriminate between different bacterial lipoproteins. These cooperative interactions expand the structural array of pathogen-derived components recognized by TLR2 and enhance ligand-induced TLR2 cell activation (Good et al., 2012) . In the studies using an enzyme complementation assay and co-immunoprecipitation to examine TLR dimerization in transfected cells it was found that TLR2 was also capable to interact with TLR4 (Lee et al., 2004) . However, the possible biological and functional significance of a TLR2-TLR4 association is poorly understood. The studies on rats show that TLR4 associates with TLR2 in the renal medullary thick ascending limb (MTAL) and these two receptors interact functionally in the basolateral membrane of MTAL cells to mediate LPS-induced extracellular signal-regulated kinase (ERK) activation. It is suggested that TLR2 may play a dual role in bacterial recognition and the induction of cell signals both through cooperative interaction with TLR4 to mediate ERK activation by Gram-negative LPS and through a TLR4-independent signalling pathway activated by Gram-positive cell wall molecules (Good et al., 2012) . It should be mentioned that TLR2, in contrast to TLR4, is not essential for LPS signalling because TLR2-deficient cells that expressed TLR4 exhibit normal responses to enterobacterial LPS (Heine et al., 1999) . On the other hand, regulation of TLR2 expression and its interaction with TLR4 may provide new mechanisms for controlling TLR4-mediated LPS responses (Good et al., 2012) . However, the role of TLR2 in mediating actions of LPS is still controversial.
The results of our earlier experimental works indicate the existence of multiple mechanisms that mediate the inhibitory effect of immune stress induced by bacterial endotoxin on reproductive processes. The network of interactions between reproductive and immune systems is complicated and specific for each level of the HPG axis, i.e. hypothalamus, pituitary and gonads (Tomaszewska-Zaremba and Herman, 2009) . In this article we will focus on the data concerning the pathways of LPS action on the GnRH/LH secretion at the level of the hypothalamus and the pituitary gland.
Indirect effect of LPS on GnRH/LH secretion
The results of previous studies have shown the existence of several mechanisms that mediate the immune inhibitory effect of inflammation on repro-ductive processes. The most probable hypothesis assumes that this effect could be mediated by proinflammatory cytokines (Tomaszewska-Zaremba and Herman, 2009) . It has been shown that the inflammation associated with the administration of LPS caused an increase in the concentration of proinflammatory cytokines such as TNFα, IL-1β and IL-6 in the peripheral blood (Givalois et al., 1994) . These cytokines are also present in the human and rabbit cerebrospinal fluid (CSF) during inflammatory condition (Waage et al., 1989; Fassbender et al., 1996) . This may suggest that proinflammatory cytokines can affect the neuroendocrine system at the level of the brain. The hypothalamus is a structure believed to be a critical site in the suppression of reproductive axis during immune challenge. The most of brain's responses to LPS have been attributed to the action of cytokines. The results of our previous study carried out on sheep showed that these three cytokines are synthesized directly in the hypothalamic area not only during inflammation but also during homeostasis milieu . This suggests that these proinflammatory cytokines may play a role of important regulators of neuroendocrine system also during physiological condition. Especially IL-1β is considered as an essential negative regulator of the HPG axis activity at the level of the hypothalamus in rat (Kang et al., 2000) . Also, in our previous studies on anoestrous ewes we have demonstrated that IL-1β is produced in the hypothalamic structures and its synthesis is stimulated by an intravenous administration of LPS (Herman et al., 2010) . Moreover, the administration of IL-1β into the third ventricle of the brain modulated secretory activity of GnRH neurons in anoestrous ewes (Herman et al., 2012) . The potency of IL-1β to affect the neuroendocrine system may result from their widespread corresponding receptors in the brain tissue.
In the study on anoestrous ewes we demonstrated that the IL-1 receptor (IL-1R) mRNA is expressed in the hypothalamic structures involved in the GnRH-ergic activity and this expression is enhanced during an inflammation (Herman et al., 2010) that further suggests that IL-1β may be an important modulator of GnRH secretion. Moreover, in vitro studies showed that IL-1 receptors were present in the membrane of immortalized GnRH neurons -the Gnv-4 cell line (Igaz et al., 2006) . This finding suggests that GnRH neurons may possess the cellular machinery to respond directly to IL-1β stimulation, which may directly affect the GnRH secretion in these cells. On the other hand, it was revealed that proinflammatory cytokines may influence the hypothalamic GnRH synthesis and release by promoting other central processes, which inhibit GnRH secretion. Indirect effects of IL-1β on GnRH neurons can be achieved with the participation of endogenous opioids (EOP). In experiments conducted on rats it was shown that central administration of IL-1β inhibited the release of GnRH/ LH by the stimulation of the activity of the endogenous opioid system (Kalra et al., 1990) . It has been shown that IL-1β produced centrally in response to inflammation induced synthesis of EOP in the hypothalamus of rats (Kalra et al., 1998) . IL-1β could suppress GnRH secretion indirectly by inducing changes in the level of catecholamines. The changes in noradrenaline and dopamine release could be one of the indirect mechanisms modulating GnRH secretion via central IL-1β. It is known that catecholamines play an important role in the regulation of GnRH secretion (Kochman et al., 2007) . It can be assumed that IL-1β could suppress gonadoliberin secretion by inducing changes in the level of the noradrenaline and dopamine. In the study performed on cyclic rats, intraperitoneal IL-1β treatment blocked the LH surge and the rise in noradrenaline release in medial preoptic area (Sirivelu et al., 2009 ). On the other hand, in our studies on ewes no effects of intracerebroventricular (icv) IL-1β administration on catecholamine level in hypothalamic structures was observed . The other pathway via IL-1β may affect GnRH secretion is its influence on neuropeptide Y (NPY) synthesis in the hypothalamus. In our earlier experiment on anoestrous ewes it was demonstrated that, this cytokine decreased the gene expression of NPY in the hypothalamus . Peripherally given LPS can induce an answer at the central level also by a mechanism associated with prostaglandins (PGs). Harris et al. (2000) showed that PGs mediated the inhibitory effect of immune stress on the pulsatile secretion of GnRH/LH in sheep. Moreover, the inhibition of PGs synthesis by administration of cyclooxygenase 2 (COX-2) selective inhibitor completely abolished suppression of GnRH/LH secretion caused by prolonged LPS administration in ewes (Herman et al., 2016) . It is postulated that one of the mechanisms via IL-1β suppresses GnRH secretion could be the induction of inflammatory mediators such as PGs (Tomaszewska-Zaremba and Herman, 2009) . Ex vivo experiments carried out on medial basal hypothalamus (MBH) explants collected from rats have shown that suppression of the prostaglandin E 2 (PGE 2 ) release stimulated by IL-1 inhibited the release of GnRH/LH (Rettori et al., 1991) .
Despite that most studies support the key role of the hypothalamus in the suppression of reproductive processes during an immune/inflammatory challenge, it couldn't be excluded that observed effect of LPS treatment on the reproductive system could partially result from the action of proinflammatory cytokines at the level of pituitary. The presence of IL-type I receptor (IL-1R1) in the pituitary (Parnet et al., 1993) supports this hypothesis. It was shown that folliculostellate cells in the pituitary gland are the source as well as the target of numerous cytokines such as IL-1, IL-6 and TNFα (Bilezikjian et al., 2003; Meilleur et al., 2007) . It was reported that LPS stimulated the folliculostellate cells to release cytokines (Lohrer et al., 2000) . It is possible that these cytokines could affect in the paracrine way the secretion of LH from the pituitary gonadotropes. On the other hand, there is an evidence that IL-1 profoundly alters the secretion of several pituitary hormones -IL-1β stimulated LH release in vitro from dispersed mice anterior pituitary fragments (Bernton et al., 1987) . In other experiments conducted on cultured rat anterior pituitary cells IL-1β inhibited GnRH-stimulated secretion of follicle-stimulating hormone (FSH) but enhanced LH release (Murata and Ying, 1991) . In in vitro study on the cells from ovine pituitary gland, Braden et al. (1998) showed that IL-1β and IL-1α stimulated the release of LH. However, the results of our ex vivo study on the ovine pituitary explants showed that IL-1β rather down-regulated LH secretion from the pituitary gland (Herman et al., 2013b) . This suggests that circulating proinflammatory cytokines, particularly IL-1β released during an inflammatory condition, may directly affect LH secretion from the anterior pituitary cells and this direct mechanism may accompany the processes occurring at the level of hypothalamus.
Direct action of LPS on the GnRH/LH secretion The blood-brain barrier and the bloodcerebrospinal fluid barrier
In general, brain parenchyma is protected from the penetration of pathogens and uncontrolled influx of inflammatory mediators due to the presence of brain barriers. Two barrier layers limit and regulate the exchange of molecules at the interface between the blood and brain tissue and its fluid spaces: the blood-brain barrier (BBB) between blood and interstitial fluid surrounding the neural tissue, and the blood-cerebrospinal fluid (CSF) barrier (BCSFB) that consists the internally situated choroid plexus and the externally located arachnoid membrane (Skipor and Thiery, 2008) . The BBB effectively protects the brain from bacterial infections that occur in the brain very rarely. However, there are areas of the brain deprived of the BBB. It does not occur in the region of the pituitary gland and around the choroid plexus and vascular organ of lamina terminalis. It is suspected that circulating LPS interferes with the TLRs localized on the cells forming these barriers and that activated TLRs play an important role in transferring an inflammatory signal from periphery to the brain (Mallard, 2012) . Laflamme and Rivest (2001) using in situ hybridization technique provided evidence that mRNA for TLR4 is present in the circumventricular organs, choroid plexus and leptomeninges. Moreover, based on Real-Time polymerase chain reaction (PCR) assay Skipor et al. (2015) determined that not only mRNA encoding TLR4 is expressed in the choroid plexus but also transcript for other TLRs, except TLR8, is expressed in this structure, which suggests that the BCSFB may play a pivotal role in the immuneneuroendocrine interaction. The choroid plexus is easily reached by molecules present in the bloodstream and therefore in systemic infection is early exposed to pathogens or their derived molecules (Mishra et al., 2006) . Disturbance of the BCSFB in association with infectious and endogenous, noninfectious stimuli has been demonstrated (Marques et al., 2009a,b; Schwerk et al., 2010) . Marques et al. (2009a,b) found that the mouse choroid plexus displays a sustained response to the repeated inflammatory stimuli by altering the expression profile of several genes. The pathways displaying the most significant changes include those facilitating entry of cells into the CSF, and those participating in the innate immune response to infection. The integrity, paracellular permeability and polarization of epithelial cells, in which the BCSFB is localized, depend on the expression of tight junction (TJ) proteins (Wolburg and Lippoldt, 2002) . Studies on mice demonstrated that LPS can affect the integrity of the BCSFB by down-regulation of TJ protein expression which could alter interactions between circulating and central mediators (Marques et al., 2009a) . In ewes, the amount of TJ proteins in the choroid plexus is modulated by photoperiod -higher during short than long days (Lagaraine et al., 2011) , which suggests a potential photoperiodic differentiation of LPS effect on TJ protein expression in the choroid plexus of ewes.
Penetration of LPS across the brain barriers
However, LPS may affect functioning of the central nervous system (CNS) not only by induction of the synthesis of proinflammatory mediators by the cells of the BBB and BCSFB, but also, as it was suggested, some amounts of LPS may cross brain barriers and penetrate the brain parenchyma. In the study conducted on mice (Banks and Robinson, 2010) , which evaluated the ability of LPS labelled with radioactive iodine (I-LPS) to cross the BBB, it was found that the majority of I-LPS was bound by the endothelial cells of the brain. However, a small but measurable amount of I-LPS (0.025% of the dose given intravenously), crossed the BBB and penetrated the brain. It was also shown that the I-LPS given intraventricularly got into circulation by reabsorption of the cerebrospinal fluid (Banks and Robinson, 2010) . This confirmed the previous results of experiment carried out on rats, in which the I-LPS was used to determine the pharmacodynamics of endotoxin transition from the brain to the blood (Chen et al., 2000) . Studies conducted on mice (Banks and Robinson, 2010) and rats (Chen et al., 2000) have demonstrated that LPS penetrated in measured quantities across the BBB, which may indicate the possibility of passing endotoxin from peripheral blood to the cerebrospinal fluid. However, it should be noted that different results were obtained by Singh and Jiang (2004) . They showed that intravenously given LPS did not penetrate the BBB in rat, but was accumulated in endothelial cells of the brain vessels, resulting in increased permeability of the BBB. Also in the experiment carried out on cats (Dascombe and Milton, 1979) no infiltration of endotoxin labelled with radioactive chromium from the blood to the brain was found.
Central action of bacterial endotoxin
However, the results of the study carried out on chimeric mice with low sensitivity to LPS (TLR4 mutant) caused by the lack of TLR4 expression in the CNS seems to support the thesis about the central action of LPS molecule during the inflammation (Chakravarty and Herkenham, 2005) . This study confirmed that inflammation influences the CNS, not only by proinflammatory cytokines, but in order to develop a full pathophysiological response the expression of TLR4 on cells of this system is required (Chakravarty and Herkenham, 2005) . The results of our studies on ewes, in which the expression of TLR4 transcript was determined in the hypothalamic structures associated with GnRH-ergic activity, such as preoptic area (POA), anterior hypothalamus (AHA), MBH and medial eminence (ME), and anterior pituitary as well (Herman et al., 2013a; Haziak et al., 2014) , support hypothesis that LPS can acts directly at the hypothalamic and pituitary level. In addition, the expression of TLR4 gene in those structures was up-regulated by intravenous administration of endotoxin that indicates that under inflammatory condition these regions of the hypothalamus may be characterized by increased sensitivity on the action of LPS molecules (Herman et al., 2013a ). An important role of the centrally acting LPS and the complexity of its receptors expressed in the hypothalamus in the regulation of the GnRH/LH secretion during an immune/ inflammatory challenge was suggested in our studies performed on anoestrous ewes (Haziak et al., 2014) . It was found that icv administration of anti-LPS antibody, as well as blockade of receptors components: LBP and MD-2 in the hypothalamus, significantly reduced inflammatory dependent reduction of GnRH mRNA content in the ME and LHβ gene expression in the anterior pituitary. The fact that TLR4 blockade in the hypothalamus, as well as administration of an anti-LPS antibody to the region of the hypothalamus, restored GnRH mRNA content in the ME but not in the POA indicate that the administration of these compounds rather prevented decreasing the stability of the GnRH mRNA induced by immune stimulation than decreasing the GnRH gene transcription. It could be suggested that inhibition of TLR4 in the hypothalamus led to unlock the inhibition of GnRH secretion, which is the most important modulator of LHβ gene expression (Kaiser et al., 1995) . For the direct involvement of LPS in the suppression of the reproductive processes at the level of hypothalamus also indicate the results of the studies performed on rats (Ebisui et al., 1992) . There was showed a significant decrease in the level of LH one hour after ventricular injection of endotoxin in doses of 5 and 25 μg. Also, the importance of TLR4 signalling in modulation of the centrally regulated processes was also proved in the study on rats. It was found that the blockade of TLR4 in the paraventricular nucleus of the hypothalamus delayed the progression of hypertension, reduced cardiac hypertrophy, attenuated proinflammatory cytokines synthesis, inducible nitric oxide (NO) synthase and norepinephrine levels as well as NFκB activity (Dange et al., 2015) .
Antigonadotropic effect of LPS at the level of pituitary
The antigonadotropic effect of LPS may not only result from its central action. It cannot be excluded that LPS influences the LH secretion directly at the level of the pituitary, which is located beyond the BBB. LPS effect on LHβ gene expression ex vivo may be dependent on the immunological status of the animal (control sheep vs sheep treated with LPS) and that the protein LBP enhances the response to endotoxin (Haziak et al., 2013) . It has been found that in the pituitary explants derived from intact ewes the influence of LPS on the LHβ gene expression was observed only when it was added to culture medium together with LBP. In the case of tissue taken from sheep treated with endotoxin response to LPS was independent upon the LBP (Haziak et al., 2013) . This antigonadotropic action of LPS is possible due to the expression of both LPS-interacting receptors: TLR4 and TLR2 in the pituitary gland (Breuel et al., 2004; Haziak et al., 2013) . However, the exact mechanism via LPS inhibits LH secretion from the pituitary is not known. Because the expression of functional TLR4 and TLR2 have not been found in the gonadotropes yet, it could be supposed that endotoxin interacts with pituitary folliculostellate cells which express functional TLR4 (Tichomirowa et al., 2005) . Activated folliculostellate cells may express number of factors including proinflammatory cytokines, growth factors and diverse bioactive peptides which may affect the activity of the pituitary gonadotropes in the paracrine manner (Inoue et al., 1999) .
Gonadotropins LH and FSH released from the anterior pituitary exert their effects on gonads to enhance production of steroids and other hormones, which promotes the growth and development of gonadal germ cells and other sex-related organs. It was reported that LPS suppresses gonadotropin release and in consequence perturbs follicle growth and functioning in the ovary of sheep and cattle. Moreover, LPS is assumed to exert a direct effect on the ovary, including follicular components, such as theca and granulosa cells or oocyte. In bovine follicles, granulosa cells and theca cells express TLR4, indicating that follicular cells are capable of responding to LPS (Magata et al., 2014) .
The role of LBP in the central action of endotoxin
Our results (Haziak et al., 2013) as well as earlier results of Knapp et al. (2006) suggest an important role of the protein LBP in the mechanism of the LPS action in the organism both in its peripheral and central action. LBP facilitates the interaction of the Gram-negative cell wall component LPS with CD14, thereby enhancing the immune response to LPS. The spontaneous diffusion of LPS monomers to the cellular-binding site is very slow and transfer by LBP enhances the immune response to LPS up to 1000-fold in vitro (Martin et al., 1997) . LBP is constitutively produced by hepatocytes under normal conditions but during an acute phase reaction IL-1β and IL-6 synergise in inducing strongly enhanced LBP synthesis (Schumann et al., 1996) . Increased LBP serum levels were found upon systemic infection, during infectious and allergic lung inflammation (Martin et al., 1997) . Whereas the low concentration of LBP enhances response to LPS, the high can inhibit LPS bioactivity in vitro and in vivo (Kitchens and Thompson, 2005) . Although hepatocytes are the main source of LBP, this protein may be synthesized also by other tissue (Dentener et al., 2000) . LBP is present in both plasma and the CSF even during homeostatic milieu of the organism and its mean concentration in normal CSF is about 1/10 of the concentration measured in normal plasma (Heumann et al., 1995) . The constant presence of this acute phase reactant in the CSF, as well as the expression of TLR2 and TLR4 in the brain, suggests the existence of permanently active mechanism enabling induction of LPS action in the CNS.
Conclusions
Immune stress caused by circulating bacterial endotoxin results in disturbances of reproduction processes in mammals. The intravenous injection of LPS results in inhibition of the GnRH/LH secretion. Different mechanisms could be involved in the suppression of GnRH/LH secretion by endotoxin (Figure 1) . Firstly, LPS could act indirectly via proinflammatory cytokines, such as IL-1β, Il-6 and TNF-α, which release is likely to play a central role in the inhibition of the reproductive axis during immune challenge. Also, the different neural mechanisms dependent on other mediators, such as opiods, catecholamines, γ-aminobutyric acid (GABA), PGs or NO, could be involved in the suppression of GnRH/LH secretion. On the other hand, LPS may directly modulate the activity of the HPG axis at the level of CNS. In the mechanism through which endotoxin inhibits GnRH/ LH secretion participate LPS-interacting receptors, particularly TLR4, which expression was found both in the hypothalamus and in the pituitary in numerous mammalian species.
Understanding the exact mechanism of the interaction between immune and reproductive systems is very important because various immune stress-induced infections can cause significant reduction in reproduction rates in humans and animals.
